Introduction
New strategies for weight loss and weight maintenance in humans are needed. Human brown adipose tissue (BAT) can stimulate energy expenditure and may be a potential therapeutic target for obesity and type 2 diabetes. However, whether exercise training is an efficient stimulus to activate and recruit BAT remains to be explored. This study aimed to evaluate whether regular exercise training affects cold-stimulated BAT metabolism and, if so, whether this was associated with changes in plasma metabolites.
Methods
Healthy sedentary men (n = 11; aged 31 ) participated in a 6-week exercise training intervention. Fasting BAT and neck muscle glucose uptake (GU) were measured using quantitative [ 18 F]fluorodeoxyglucose positron emission tomography-magnetic resonance imaging three times: (1) before training at room temperature and (2) before and (3) after the training period during cold stimulation. Cervico-thoracic BAT mass was measured using MRI signal fat fraction maps. Plasma metabolites were analysed using nuclear magnetic resonance spectroscopy.
Results
Cold exposure increased supraclavicular BAT GU by threefold (p < 0.001), energy expenditure by 59% (p < 0.001) and plasma fatty acids (p < 0.01). Exercise training had no effect on cold-induced GU in BAT or neck muscles. Training increased aerobic capacity (p = 0.01) and decreased visceral fat (p = 0.02) and cervico-thoracic BAT mass (p = 0.003). Additionally, training decreased very low-density lipoprotein particle size (p = 0.04), triglycerides within chylomicrons (p = 0.04) and small high-density lipoprotein (p = 0.04).
Introduction
Active human brown adipose tissue (BAT) is able to consume lipids and glucose to generate heat by activating mitochondrial uncoupling-protein-1 (1) . BAT is inversely associated with body mass index (BMI), adiposity and outdoor temperature (2) (3) (4) (5) . BAT transplantation studies in mouse models of obesity have shown decreases in body weight (6) . However, there is no direct or indirect evidence suggesting that enhanced BAT metabolism improves weight management in humans. The role of BAT in human obesity is still uncertain, although several studies support the concept that low level of BAT activity may predispose to obesity (4) . It has been estimated that fully activated BAT can contribute up to 5% of basal metabolic rate (7) . Therefore, the possibility to increase or maintain sufficient BAT activity could be a potential therapy for obesity and metabolic disease in humans (8) .
Cold activates BAT in humans (9, 10) , but the use of long-term cold exposure to activate BAT remains impractical, fuelling research into new strategies of BAT activation (8) . Exercise training has been proposed to activate and recruit human BAT (11, 12) . Both cold and exercise may mediate BAT activity by increasing catecholamines, leading to lipolysis (13, 14) . Whereas data on the exercise training-induced activation of BAT in humans are sparse and contradictory, findings from rodent studies suggest that exercise training regulates BAT metabolism (15, 16) .
In humans, case-control studies indicate lower coldinduced BAT volume and activity in trained individuals compared with sedentary individuals measured by [ 18 F] fluorodeoxyglucose ( 18 F-FDG) positron emission tomography combined with computed tomography (PET/CT) (17, 18) . Similarly, a pilot study reported incidentally lower BAT activity in trained subjects in comparison with control subjects (19) . It has been shown that short-term exercise training decreased BAT insulin-stimulated glucose uptake (GU) in subjects with active BAT prior to intervention (20) . Recently, objectively measured physical activity levels were not found to be associated with BAT volume and activity in young healthy sedentary adults (21) . Altogether, in humans, exercise appears to be associated with downregulation of BAT glucose metabolism, although further studies are warranted to better understand exercise-induced adaptations of human BAT (17) (18) (19) (20) . Moreover, regular exercise training reduces body adiposity and improves subject's metabolic profile, but the training effects on the circulating metabolites and BAT metabolism have not been studied simultaneously in a controlled, prospective study. Previous methods used for BAT analysis in PET/CT and PET/MRI have their intrinsic limitations (9, 10, 22, 23) . The tissue contrast and sensitivity for soft tissue imaging are considered better in magnetic resonance imaging (MRI) than in CT imaging. Because brown fat is distributed among white fat, the use of metabolic value for threshold is more specific for BAT activity analysis. In this study, the aim was to investigate the effects of regular exercise training on cold-induced BAT GU and mass using 18 F-FDG PET/MRI. In addition, the training-induced changes in lipid profile and plasma metabolites and any associations to tissue-specific glucose metabolism were analysed. Based on a recent review suggesting that shivering links exercise and cold-induced thermogenesis (14) , it was hypothesized that long-term exercise training increases BAT activity after cold exposure.
Materials and methods

Subjects
Healthy, sedentary male subjects (n = 11) were enrolled into the study (Clinical Trial NCT03359824), after informed written consent was obtained. by sub-maximal bicycle ergometer test. Exclusion criteria were chronic diseases, any mental or eating disorder, significant use of alcohol, smoking, use of steroids, narcotics or other substances, prior exposure to radiation, abnormal cardiovascular status, physical disability and contraindications to MRI or any other condition that in the opinion of investigator could create a hazard to the subject safety or endanger the study procedures. All subjects were metabolically healthy. One study subject withdrew from the study during the exercise intervention due to personal reasons.
Study design
At the initial screening visit, a medical history, physical examination, electrocardiography, indirect calorimetry at room temperature, blood sampling and a 2 h 75 g OGTT were performed. This was followed by sub-maximal bicycle ergometer test on another day. Each subject underwent three [ 18 F]FDG PET/MRI scans at overnight fasting conditions. The first scan was performed before exercise training at room temperature, the second scan before exercise training under cold exposure and the third scan after exercise training during cold exposure ( Figure 1A ). The first and second scans were performed in random order on two separate days, with minimum of 1 week between the two scanning sessions. Once these initial scans were completed, subjects performed 6 weeks of exercise training (see below Table 1 ). Training loads were individually determined in the first training session by the participant's ability to complete 10 repetitions for a given exercise. Each week, three of the training sessions were guided by a personal trainer. In addition, beginning in week two of training, subjects performed one to two MICT sessions on their own. All training sessions were monitored via a heart-rate monitor (Suunto, Finland). The indirect bicycle ergometer test was performed to determine the aerobic capacity of the subjects. The indirect bicycle test was conducted as tripartite sub-maximal test according to the World Health Organization protocol (25) . The test started with a 4 min light warm up and was followed by three 4 min work periods with increasing workload. The workloads were determined individually based on the age, BMI and physical activity levels. The cycling frequency was kept at 60 rpm. The cycling intensity was increased so that at the end of the test, the subject reached~80% of the theoretical maximal heart rate and rating of perceived exertion no more than 17 (Borg scale [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Blood pressure and heart rate were monitored throughout the test. To estimate the VO 2max , following formula was used (25) :
where P = maximal power output based on the workloads and heart rate during the sub-maximal Subjects underwent 6 weeks exercise training intervention. Three of the session each week were supervised, and during the weeks 4-6, two sessions were performed individually. SIT, sprint interval training; MICT, moderate-intensity continuous training.
VO 2max test, BM = body mass and 3.5 = resting oxygen consumption.
Positron emission tomography-magnetic resonance imaging and magnetic resonance imaging studies
The PET and MRI scans were performed with an integrated 3T Philips Ingenuity TF PET/MR scanner. Both antecubital veins were cannulated for the PET studies; one was used for [ 18 F]-FDG injection and the other one for blood sampling. For the scans performed at room temperature T1 (flip angle 10°, TE 2.3 ms, TR 4.1 ms), weighted MR images and, for cold scans, modified 2-point Dixon images (mDixon, flip angle 10°, TE 1.08 ms, TR 6.5 ms, ΔTE = 0.9 ms) were used to provide anatomical reference. The Dixon cold scans were in total acquired for nine subjects in baseline and for seven subjects after intervention due to technical reasons. For the remainder of cold scans (baseline n = 2 and after intervention n = 3), T1 weighted MR images were used as anatomical reference. Personalized cold exposure started 2 h before the PET scan using a cooling blanket (Blanketrol III, Cincinnati Sub-Zero, Cincinnati, OH, USA) ( Figure 1B ). The cooling was started with 4°C to 6°C water circulating in the cooling blanket. The temperature was gradually raised if shivering was reported by the subjects or visually observed by the investigator. The subjects lay in the supine position under cooling blankets for 2 h, and simultaneously, indirect calorimetry measurements were carried out. After the indirect calorimetry measurements, PET/MRI scanning was performed. During scanning, cooling was maintained by placing iced gel packs on the legs and upper body. Participants remained under cold condition for a total of approximately 3.5 hr from the time of cooling started until the end of the PET/MRI scanning. The skin temperature was measured during scanning using a digital thermometer (Art.183, Termometerfabriken Viking AB, Eskilstuna, Sweden). The temperature sensing probe was attached to the lateral abdominal skin surface. Room temperature (RT) was maintained at~22°C.
Simultaneously with the injection of [ . PET images were reconstructed in a 144 × 144 matrix with an isotropic voxel size of 4 mm, using a fully 3D row action maximum likelihood algorithm (3D-RAMLA) with two iterations and four subsets (26) . PET data were corrected for photon attenuation, physical decay, dead time, scatter and random coincidences. Plasma radioactivity was measured with an automatic gamma counter (Wizard 1480 3″, Wallac, Turku, Finland) (27) .
Image analysis Carimas 2.9 software (www.pet.fi/carimas) was used for image analysis. Three-dimensional regions of interest (3D ROIs) were drawn on fused dynamic [ 18 F]FDG PET and MRI images on supraclavicular BAT, neck white adipose tissue (WAT) and skeletal muscles close to BAT (sternocleidomastoid and levator scapulae) and distant from BAT (deltoid and trapezius muscles). The ROIs were manually outlined from C1 to T4 vertebrae for the muscles within the field of view. Plasma input curves were acquired from PET images by drawing a ROI on the arch of the aorta and corrected from to plasma activity using the haematocrit value. The net influx rate (K i ) was quantified by using graphical analysis of plasma and tissue time-activity curves (Patlak plot) as previously published (10, 28) . Adipose and muscle regional GU were calculated by multiplying tissue K i by corresponding plasma glucose concentration and divided by lumped constant. The lumped constant for BAT, WAT and skeletal muscle was set to 1.14, 1.14 and 1.2, respectively (29, 30) .
BAT mass, in the cervico-upper thoracic region, was estimated from fused cold PET-MRI images before and after exercise intervention using Carimas 2.9 software (www.pet.fi/carimas). MRI signal fat fraction (SFF) maps were created from water component images (W) and fat component images (F) obtained from mDixon sequence using the formula (31) .
The SFF maps were calculated using in-house software developed in MATLAB2015b (Mathworks Inc, Natick, MA) and SPM8 (Wellcome Trust, UCL). A mask was drawn in SFF maps at all potential cervico-upper thoracic BAT sites (cervical, supraclavicular and axillary depots), using a fat fraction threshold of 40% to identify and measure BAT while excluding blood vessels, muscle and bones (19, 32, 33) . The mask was then transferred to the parametric [ 18 F]FDG PET image to exclude any voxels that had GU < 3.0 μmol/100 g min À1 GU from the mask.
The voxels in the mask then underwent a 2nd thresholding step with GU > 3.0 μmol/100 g min À1 used
to include voxels representing active BAT. Previously, it has been shown that during cold exposure, GU > 3.0 μmol/100 g min À1 represents active BAT (10).
Finally, the volume of all these voxels (cm 3 ) was converted into mass by assuming the density of BAT to be 0.92 g cm À3 (23 Metabolic biomarkers were quantified from plasma of 11 subjects using high-throughput proton NMR metabolomics (Nightingale Health Ltd., Helsinki, Finland). Samples were obtained from the PET scanning day 2 (before exercise training) and day 3 (after exercise training). During both days, the first sample was obtained at RT and the second sample 2 h after the cold exposure from cooling blankets before the administration of 18 F-FDG. Proton NMR spectroscopy provides simultaneous quantification of lipids, lipoprotein subclass profiling with lipid concentrations within 14 subclasses, fatty acid composition and various low-molecular metabolites, including amino acids, ketone bodies and gluconeogenesis-related metabolites in molar concentration units. Details of the NMR metabolomics platform have been previously described (36) . Glycerol and glycine were unquantifiable from EDTA plasma sample. Plasma total and high-density lipoprotein (HDL)-cholesterol, triglycerides and glucose concentrations were measured from venous blood samples with an automatized enzymatic assay. Insulin was determined using automatized electro-chemiluminescence immunoassay (Cobas 8000, Roche Diagnostics GmbH, Mannheim, Germany). Low-density lipoprotein (LDL)-cholesterol concentration was calculated using the Friedewald formula. To estimate insulin sensitivity, the Matsuda index was calculated (37) . Homeostasis model assessment-estimated insulin resistance was also calculated as previously published (38) . We obtained mean daily outdoor temperatures of Turku 2 weeks prior to PET-scanning from (www.sujakapsi.fi).
During the study period, the range of outdoor temperatures was À11.3 to +14.5°C.
Statistics
Results are expressed as model-based means and 95% confidence intervals unless shown otherwise. A paired t-test was used to compare mean values of all end points of interest between measurements before and after exercise intervention. Linear mixed models for repeated measurements were used to study mean changes over time. The model included (time; indicating overall mean change between all different time points) and outdoor temperature was taken as a covariate in the model. Compound symmetry covariance structure was used in the analyses. A p value of <0.05 was considered statistically significant in all analyses. Pearson correlation was also calculated for the change in variables. Normality was assessed by Shapiro-Wilk test. The variables that did not meet normal distribution were log transformed. All analyses were performed using IBM SPSS software (version 22).
Results
Exercise training improves aerobic capacity and induces changes in plasma lipids and lipoproteins
The 6-week training intervention increased aerobic capacity by +27% and decreased visceral adipose tissue mass by À17% (Table 2) . Training decreased plasma triglycerides, total cholines, in particular phosphatidylcholines and fatty acids. Training increased docosahexaenoic acid and citrate concentration (Figure 2A ). Training also reduced very low-density lipoprotein (VLDL) particle size, whereas there was no change in LDL and HDL particle size ( Figure 3A) . Training decreased total lipids and cholesterol within chylomicrons and medium VLDL decreased ( Figure 3B,C) . Triglycerides decreased within chylomicrons, medium and small VLDL: small LDL and all classes of HDL, except very large and large HDL ( Figure 3D ).
Cold alters lipoprotein spectrum
Cold increased plasma cholesterols, apolipoproteins, total fatty acids, glutamine, acetate and albumin ( Figure 2B ), whereas cold had no effect on other metabolites ( Figure 4B ). Cold also increased the amount of total lipids and total cholesterol in small HDL particles but did not affect particle sizes. (Figure 3E,F,G Values are means ± SD; p values are from paired t-tests. fP, fasting plasma; FFA, free fatty acid. Data presented above are from screening day at baseline (pre) and after exercise intervention (post), except visceral and subcutaneous fat mass, which is from scanning days before exercise and after exercise intervention. p < 0.05 are marked as bold. 
Effects of cold and training on brown adipose tissue glucose uptake
Cold-exposure increased BAT GU~3-fold, as compared with RT in all subjects ( Figure 5B ). In addition, cold increased GU in skeletal muscles located close to BAT +56% (sternocleidomastoid and levator scapulae muscles) but not in muscles distant to BAT (deltoid, trapezius and pectoralis major muscles) and subcutaneous WAT ( Figure 5A ). When cold-exposure was repeated after 6 weeks of training, no change was observed in coldinduced GU in BAT, WAT or skeletal muscles ( Figure 5A) . A). Also, no change was observed in whole body energy expenditure, fat oxidation, and plasma nor-epinephrine and free fatty acid concentrations during cold exposure after training (Table 3) . BAT masses in the cervico-upper thoracic region were highly variable in the study subjects with a mean of 171 ± 31 g (range 135-225 g). Interestingly, cervico-thoracic BAT mass decreased by À42% after training (p = 0.003, Figure 5C ). At baseline (RT), there was a correlation between BAT GU and plasma lactate ( Figure 4E ), while during cold, there was a positive association between the cold-stimulated BAT GU and whole body energy expenditure before (r = 0.86, p = 0.006) and after exercise training (r = 0.72, p = 0.02). Interestingly, the change in BAT GU correlated inversely with the changes in outdoor temperature ( Figure 5D ).
Discussion
This study is one of the first clinical intervention trials to investigate BAT metabolism during cold after exercise training. This study design maximized BAT detection by applying gold standard PET-scanning methodology, cold exposure and well-controlled laboratory conditions (39) . As expected, exercise training increased aerobic capacity ; total cholesterol in high density lipoprotein 2, HDL3C; total cholesterol in high density lipoprotein 3, Est; esterified cholesterol, Free C; free cholesterol, LDLTG, triglycerides in low density lipoprotein, HDL-TG, triglycerides in high density lipoprotein; n-3 FA, Omega-3 fatty acids and decreased visceral fat mass. Exercise altered the lipoprotein profile, inducing increases in cholesterol within large HDL and decreases in triglycerides within all sub-classes of VLDL and HDL, except large HDL. Interestingly, and contrary to our hypothesis, a 6-week training intervention did not affect cold-stimulated BAT GU but decreased cervico-thoracic BAT mass in healthy sedentary men. These data suggest that training exerts positive effects on whole body metabolism, but these effects seem to occur independently from BAT activation. This study also extends the previous observations showing that changes in BAT GU negatively correlate with changes in outdoor temperature in sedentary adult males.
The main finding of this study is that regular exercise training for 6 weeks did not affect cold-stimulated BAT GU in healthy sedentary men. These findings differ from the results by Vosselman et al., which demonstrated lower cold-stimulated BAT GU in endurance trained athlete compared with lean sedentary subjects in a cross-sectional study design (40) . This discrepancy is most likely due to different methods used to quantify BAT GU. Vosselman et al. quantified BAT GU based on semi-quantitative standard uptake values (SUV) (40) . The drawback of using SUV is that the changes of the biodistribution of FDG in the body is neglected. For instance, if cooling induces muscle shivering and thereby enhances GU slightly into skeletal muscles, it decreases plasma concentration of FDG and its retention into BAT, which is not taken into account when calculating SUV. In the current study, dynamic PET data were used, and an intervention study for sedentary subjects was conducted. In dynamic imaging, multiple images at different time points are acquired giving a possibility to create a time-activity curve of the rate of 18 F-FDG in BAT (41) (42) (43) . This method allows better assessment of both tracer uptake and retention compared with static imaging in which only one single time frame is selected to reflect overall tracer metabolism (42) . Because lipid utilization increases after exercise training, glucose may not be a primary fuel for BAT after training. However, this hypothesis warrants further investigation. Interestingly, a recent study showed that exercise causes the release of a BAT-derived lipid species 12,13-dihydroxy-9Z-octadecenoic acid (12,13-diHOME) that increases the supply of fatty acids into working muscles, indicating an important role of BAT in regulating the lipid metabolism rather than glucose in response to exercise (44) . [10, 15] 12.0 [10, 14] 0.65
All values are model-based means (95% confidence intervals). FFA, free fatty acids; EE, energy expenditure; FFM, fat free mass; CHO, carbohydrate. The p-value for RT*Time interaction indicates significant differences before and after exercise intervention in between the variables measured at room temperature on the scanning days. The p-value for Cold*Time interaction indicates significant differences before and after exercise intervention in between the variables measured at cold exposure on the scanning days. § Log transformation was performed to achieve normal distribution. p < 0.05 are marked as bold.
In line with previous studies, the present study confirmed that cold exposure increased GU in BAT and skeletal muscles located in the close proximity to BAT but not in muscles distant to BAT (9, 10) . This could be because cold exposure evoked shivering in skeletal muscles close to BAT. Although the protocol was designed to study BAT under non-shivering conditions, it is inevitable to avoid shivering given the greater mass of skeletal muscles (42%) compared with BAT (1%) of total body weight in adult humans.
Previous studies suggest that outdoor temperature impacts BAT GU (4,5). Saito et al. showed an increase in cold-induced BAT GU in healthy volunteers during winter, when compared with summer time (4) . It has been suggested that the increased BAT GU may be due to cold-induced BAT hyperplasia (4). Interestingly, there was an inverse correlation between the absolute change in the outdoor temperature (after training scan -baseline scan) and in the absolute change in the cold-stimulated BAT GU before and after the exercise intervention. These results suggest that exposure to higher outdoor temperatures lowers BAT GU especially in subjects scanned in the beginning of summer (May to June). However, outdoor temperature was taken into account in the model and did not confound our results.
There was significant reduction in cervico-thoracic BAT mass estimated using MRI SFF maps. This is in line with rodent data showing a significant decrease in BAT mass after chronic endurance training (45) . It has been previously shown that weight loss does not change BAT mass in subjects with obesity but tended to increase BAT GU (46) . It is of note that in subjects with morbid obesity, cooling may not be optimal to induce BAT thermogenesis, or subjects with morbid obesity may lack active BAT altogether (47) . Interestingly, in the same study, there was no association between 12.5% weight loss and cold-induced BAT GU even though subjects with obesity had high BAT GU values (46) . In contrast to another study in subjects with morbid obesity, after 8 months of surgery, body mass reduction of around 28% had a more efficient effect to induce BAT activation in non-diabetic than in subjects with diabetes (48) . Surprisingly, in the present study, there was a significant reduction in BAT mass without any changes in body weight or cold-induced BAT GU rate. Moreover, there was a reduction in visceral fat mass, but it did not correlate with reduced cervico-thoracic BAT mass. Based on the finding of reduced BAT mass in the present study, it can be speculated that exercise training might have caused lipolysis to fuel BAT thermogenesis (12) . Exercise training may induce rapid mobilization of BAT triglycerides, hence reducing BAT mass.
In line with previous studies, there was an increase in aerobic fitness and decrease in visceral adipose tissue mass after training (49, 50) . Exercise improved lipid profile and fatty acids measured by NMR. Lipoproteins are a mixture of heterogeneous lipids composed mainly of cholesterol and triglycerides (51) . Disruptions in lipoprotein metabolism may play a role in onset of type 2 diabetes (51). Exercise training reduced VLDL particle size. The increase in VLDL size is typically associated with the reduction in HDL cholesterol concentration, in part related to the transfer of cholesterol ester from triglyceride rich lipoproteins to HDL. In addition, when these triglyceriderich VLDL particles undergo further lipolysis, they give rise to LDL cholesterol. The effects of exercise training on the reduction in medium VLDL were not explained by BAT but rather seems to be the effect of training in general.
Metabolites were measured during cold exposure after exercise with most prominent changes seen within the triglycerides stored in lipoproteins. It has been documented that degradation of triglycerides within VLDL increases during moderate intensity exercise (52) . The decrease of mainly VLDL (consisting of lipids, cholesterol and triglycerides) suggests that VLDL provides lipid substrates to help to meet the excess energy demands after exercise. The most pronounced increase in lipoprotein particles was seen in the total cholesterol in large HDL. Large HDL is associated inversely with cardiovascular risk (53) . The increase in total cholesterol within large HDL has also been shown in previous training studies (54) . Large HDL particles carry cholesterol to the liver for excretion. In the present study, after training, cold exposure had a greater effect in decreasing triglycerides within lipoproteins compared with pre-training situation. This finding suggests that exercise training may reverse the effect of cold to substantially reduce triglycerides. Further work is required to determine the role of cold and exercise training in the regulation of lipoproteins and BAT metabolism. The present data, however, did not validate a direct relationship between BAT GU and changes seen in lipoprotein profile.
Limitations of this study include the relatively small sample size, resulting in reduced statistical power to detect associations. Due to the radiation burden of PET-scanning, it was not possible to repeat RT scanning after training intervention. The aim of personalized cooling protocol was to induce maximal non-shivering thermogenesis in all subjects; however, the method used for the assessment of shivering was subjective. There is a possibility that the present cooling protocol may deliver cold stress of variable degree in different subjects, which may create a bias in cooling response of each subject. The skin temperature was measured only from single specific site (lateral abdominal skin surface) was limitation in terms of thermogenic accuracy. In future studies, detection of muscle shivering by using electromyography and Obesity Science & Practice Effects of exercise training on BAT P. Motiani et al. 269 more detailed measurements of core and skin temperature could be used to ensure the appropriate stimulation of BAT thermogenesis. Only healthy, sedentary men were studied in the current study, which warrants a future prospect of studies in women and subjects with metabolic disorders. In conclusion, exercise training did not affect cold-stimulated BAT GU but decreased cervico-thoracic BAT mass in humans. Exercise-induced changes in lipid particles and metabolites may mediate some of the beneficial effects of exercise on whole body metabolism and may have therapeutic potential for obesity and metabolic diseases independent of BAT activation.
